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Thickness-dependent valence-band photoemission from thin InAs and GaAs films
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With the aim to follow the development of the electronic properties in thin films, angle-resolved photoelec-
tron spectroscopy has been used to investigate molecular beam epitaxy grown InAs layers on GaAs(111)A and
GaAs layers on AlAs~100!, lattice mismatch 7.2% and 0.1%, respectively. The results show that the bulk
electronic structure in the overlayer material is established only in films thicker than 3–4 nm and that the
interface region in effect displays alloylike electronic properties even though the interface is geometrically
abrupt. Comparing computations of strain effects on the electronic structure in bulk InAs with the experimental
data on the InAs cap layers, it was possible to separate the contributions of geometrical strain effects, extending
5–6 nm into the overlayer, and the electronic interface effects, extending 3–4 nm.
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I. INTRODUCTION

A general feature in current multilayer-based semicond
tor device fabrication is progressive miniaturization. Detai
knowledge about the interface regions thus becomes of
importance. Since the electronic properties are determ
by the atomic arrangement, much work has been devote
studies of the interface structure and chemistry. As to
electron structure itself, there are numerous investigati
focused on band offsets or electronic coupling in quant
well ~QW! structures,1,2 but relatively little attention has
been given to further characterization of the electron state
the interface region. The relevance of a more extensive c
acterization of the heterointerfacial electronic propert
is stressed, for example, by the results of a deta
scanning tunneling spectroscopy~STS! study of
GaAs/AlxGa12xAs(110),3 which demonstrated that althoug
the interfaces are geometrically abrupt and the valence-b
edge positions are in good agreement with theoretical pre
tions, the electronic width of the interface region is 3.5–5
nm. This is 3–5 times as large as the results yielded
charge-density contours. In a more recent STS study, c
cerning InAs thin films on GaAs(111)A,4 it was found that
the band gap of the InAs films decreases gradually with fi
thickness, the proper InAs band gap being established
3-nm-thick films. Furthermore, the presence of an elect
accumulation layer, shown to be a bulk-related effect,5 is
observed in films thicker than 6-nm. This indicates that th
is an electronic transition region of 3–6-nm thickness, ev
though the interface is abrupt. Further studies of such eff
are of obvious interest.

Photoemission is well suited for this kind of investigatio
since it is one of the most direct methods for probing featu
of the electronic structure, such as critical points and b
0163-1829/2001/63~19!/195314~7!/$20.00 63 1953
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edges. The fact that the technique is very surface sensitiv
also advantageous in the present context: since the elect
interaction between overlayer and substrate materials
strongest at the interface, the intrinsic properties of the ov
layer material should first appear at the surface.

In this work we have studied the development of the
terface region in two different systems of thin molecu
beam epitaxy~MBE!–grown layers: InAs on GaAs(111)A
and GaAs on AlAs~100!. In the latter case the lattice mis
match is quite small, and the overlayer can be expected t
fully adapted to the substrate for all film thicknesses cons
ered here. The situation for InAs/GaAs is significantly mo
complex. While growth of InAs on GaAs~100! results in the
formation of quantum dots for nominal thicknesses abov
monolayers~ML !, growth on the GaAs(111)A surface is
two-dimensional~2D! for all overlayer thicknesses. The con
tinuous films formed in this way have been subject to ext
sive investigations6–8,4 and have been found to contain
regular network of dislocations, which releases the str
gradually. In the evaluation of the present data we have ta
into account the remaining strain found in Ref. 8.

II. EXPERIMENT

The experiments were performed at beamline 41 of
Swedish national synchrotron radiation laboratory MAX-l
in Lund, Sweden. A dedicated MBE system has been
tached to the electron spectrometer, allowing transfer
tween the units under ultrahigh vacuum conditions. T
MBE chamber holds five Knudsen-type effusion cells,
As-source~see below!, equipment for reflection high-energ
electron diffraction~RHEED! and an IR pyrometer. Part o
the InAs films were grown with As4, using a conventiona
effusion cell, and part with As2 generated from a valved
cracker source. All the GaAs/AlAs experiments employ
the As2 source. Growth was performed on 131 cm2 n-type
©2001 The American Physical Society14-1
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GaAs(111)A and ~100!epi-ready substrates, In-glued on
Mo holders.

The InAs layers were grown in the MBE system und
conditions similar to those described in literature.6,7 Prior to
growth the substrates were heated to 620–640 °C in a
tective As4 (As2) beam to remove the residual surface oxid
Upon appearance of a clear 2D RHEED 232 reconstruction
pattern, the temperature was lowered to 540–580 °C. To
tain an abrupt interface with InAs, an atomically flat surfa
is needed and this was achieved by careful buffer la
preparation. GaAs homoepitaxy was performed with
As4 :Ga flux ratio in the range~15–20!:1 ~12:1 for As2). A
few hundred nanometers were grown until good quality
RHEED patterns were observed. The buffer layer growth
the GaAs(111)A surface was followed by InAs deposition
440–460 °C at an As4 :In flux ratio of about~25–40!:1 ~15:1
for As2). Good quality 2D RHEED patterns of the 232
reconstructed surface were observed all the time, altho
the intensity dropped significantly at the onset of In
growth and then gradually recovered. The In beam flux w
calibrated by measurements of RHEED intensity oscillatio
during growth of InxGa12xAs on GaAs~100!, and the InAs
growth rate was determined via RHEED oscillations dur
growth of a thick InAs film on GaAs(111)A. For most
samples one or two RHEED oscillations could be seen at
onset of InAs growth. In the present experiments the In
growth rate was 0.1 ML/s. After the spectroscopic analy
the InAs layer thicknesses were also checkedex situusing
static secondary ion mass spectroscopy~SIMS!, with 6.4-
keV (O2)1 ions at a sputtering rate of 0.07 nm/s, and T
lystep profiling of the SIMS-generated pits. The agreem
of these results with the original estimations was satisfact

In the case of GaAs/AlAs~100!, buffer layer growth of
about 10-nm GaAs on the GaAs~100! crystals was followed
by deposition of 10–20-nm-thick AlAs layers, at a substr
temperature of 570 °C and a growth rate of 0.1 ML/s. T
AlAs layers then served as substrates for the thin films
GaAs. The GaAs growth was performed at a substrate t
perature of 580 °C and at an As2 /Ga beam equivalent pres
sure ratio of about 10, resulting in a growth rate of 0.
ML/s ~calibrated by RHEED oscillations!. The surface re-
construction was 234 during growth, changing toc(434)
when the sample was cooled below about 520 °C in an2
beam.

In the photoelectron chamber the InAs films were a
nealed at 250 °C in order to remove excess As adsorbed
growth. The GaAs films were heated to above 400 °C
order to remove excess As and to ensure ac(238) recon-
struction of the surface. The surface quality was checked
low-energy electron defraction~LEED!, which also served to
orient the samples.

The photoemission data were collected in t
p-polarization geometry, at 45° incidence angle, using
angle-resolving, goniometer-mounted, hemispherical elec
static energy analyzer with an acceptance angle of;3°,
movable in the horizontal and vertical planes. The ove
energy resolution was 0.15–0.25 eV. All spectra presente
this paper were collected in the plane of light incidence.
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III. RESULTS AND DISCUSSION

We first discuss the results for InAs/GaAs(111)A. De-
spite the large lattice mismatch, more than 7%, investi
tions have shown that growth of InAs on GaAs(111)A pro-
ceeds in a 2D mode,7 the overlayer relaxation saturating at
thickness of approximately 10 ML~3.5 nm!.8 These reports
were confirmed in our case by RHEED and LEED obser
tions. Streaky 232 RHEED patterns were observed for a
thicknesses, indicative of a smooth surface. By monitor
the separation of the diffracted streaks during growth
found that gradual strain relaxation occurred up to ab
3-nm InAs thickness, above which all samples display
well-ordered 232 reconstructed surfaces, and no significa
further strain relaxation seemed to take place. After grow
the well-ordered 232 surface geometry was confirmed by
good quality LEED pattern. Furthermore, the valence-ba
photoemission showed very pronounced angular dep
dence, also revealing good quality single-crystal samples

The SIMS measurements, performed to check the In
growth-rate calibration, also addressed the important qu
tion of possible segregation of Ga in the InAs films a
indeed indicate the presence of Ga in the surface region~see
Fig. 1!. The SIMS data cannot give reliable estimates of
absolute amounts of Ga but the surface Ga content is sim
for all samples. The presence of Ga at the surface was
firmed by core-level photoemission. By recording the spec
at 135 eV photon energy, near the Cooper minimum of
4d,9 the magnitude of the Ga 3d signal could be easily esti
mated despite the fact that the In 4d and Ga 3d emission
overlap to a large degree~at 81 eV photon energy the Ga 3d
signal is visible only for the thinnest films!. Using a curve-
fitting routine, in which the core levels are described by co
voluted Gaussian and Lorentzian functions~accounting pri-
marily for experimental and lifetime broadening
respectively!, two Ga components were identified. We ass
ciate them with Ga dissolved in the uppermost InAs lay
and Ga in metallic clusters on the surface~see Fig. 2!. The
metallic component, characteristically at higher kine
energy,10 is present in films several hundred nanomet
thick, whereas the other component is restricted to films
most a few hundred a˚ngströms thick. From the relative in-

FIG. 1. SIMS data from 5- and 153-nm-thick InAs layers o
GaAs(111)A, showing the onset of Ga emission from the substra
The shaded region to the left is also given in an expanded view
a logarithmic vertical scale, indicating the presence of Ga in
surface region.
4-2
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THICKNESS-DEPENDENT VALENCE-BAND . . . PHYSICAL REVIEW B63 195314
tensity of these components and the In 4d signal, taking into
account the vastly different photoexcitation cross section
this photon energy,9 the total Ga content in the surface regio
was estimated to be below 1%. We believe that th
amounts are not sufficiently large to influence essentially
bulk electronic structure discussed below.

In Fig. 3 we show four sets of valence-band data, obtai
from the clean GaAs(111)A surface and from three differen
InAs overlayers. The valence-band spectra reported h
were recorded along theGK line in the surface Brillouin
zone. The qualitative electronic similarities between Ga
and InAs are well reflected in the spectra, although due to
large difference in lattice constants, spectra at correspon
angles probe slightly different regions of the Brillouin zon
in the two cases. By comparison of spectra recorded at
same in-plane momentum component, we were able to c
clude that most of the pronounced structures observed on
~111! surface~for example peakC) reflect surface states
Comparing the clean GaAs spectra and those for 1-nm I
~i.e., around 3 ML! we see that the peak positions are som
what different. For instance, we find that the energy sep
tion between peaksB (B8) and C (C8) at ;25° emission
angle is reduced from 2.2 eV to 1.9 eV when going fro
clean GaAs to the InAs overlayer system. This separatio
reduced further to 1.8 eV in the thicker InAs films. We al
see that with increasing InAs thickness the structuresB8 and
C8 become sharper. For bulk states~for example, peakB8)
such sharpening is an effect of increasing coherence len

FIG. 2. In 4d spectra from a 5-nm-thick InAs layer recorded
81 eV photon energy and at 135 eV photon energy~near the In 4d
Cooper minimum!. In the latter case the emission from Ga 3d is
clearly visible. The two Ga components reflect Ga in metallic fo
~the high-energy component! and Ga dissolved in the surface regio
of the InAs films. Fitting parameters: In 4d, DEs-o50.855 eV,
DELor50.17 eV, DEGauss50.377 eV (hn581 eV) and 0.57 eV
(hn5135 eV), branching ratio51.356 and 1.200, respectively; G
3d, DEs-o50.44 eV, DELor50.14 eV, DEGauss50.57 eV,
branching ratio51.500.
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both in the initial and final states in the photoemission p
cess. For surface states~peak C8) the sharpening can b
caused by reduced hybridization with bulk states, as the b
band edges become better defined.

Even though already the 2-nm spectra are very simila
the spectra from the thick InAs overlayer~see Fig. 3!, a
significant observation in these sets of data is a system
change of peak positions with increasing thickness. We h
chosen to exemplify this by the energy separation betw
peakA8, reflecting the high density of states at theL1 critical
point, and the spectral cutoff at high kinetic energies, wh
reflects the valence-band maximum~VBM !. Both features
are thus bulk related. This energy difference is plotted a
function of InAs layer thickness in Fig. 4. A systematic r
duction of the energy separation betweenL1 and the VBM is
clear, and a saturation value appears to be reached for a
5–6-nm thickness.

In order to estimate to what extent these modifications
caused by the gradually decreasing strain within the In
layer, calculations of the electronic structure in strained In
were performed. Since the expanding of the InAs cap la
makes any full-scaleab initio simulation very difficult~the
use of slab supercells is impossible!, the calculations as-
sumed a bulk InAs crystal compressed in two dimensio
We thus ignore the effects of interface hybridization and
sume also that any influence of effects specific to the st
gradient can be ignored.

To model the bulk compression, we employedab initio
density functional theory~DFT!,11,12 within the local density
approximation ~LDA ! as parametrized by Ceperley an
Alder13 and Perdew and Zunger.14 Fully separable, nonloca
pseudopotentials15,16 were used for the electron-ion intera
tion, based on self-consistent solutions of the relativis
Dirac equation for free atoms.17–19 The strained system wa
described by periodically repeated hexagonal supercells
three double InAs atomic layers stacked in a face-cente
cubic type layer sequence along the~111! axis. A plane-wave
cutoff of 16 Ry and 23 special Monkhorst-Packk points in
the irreducible Brillouin zone were used to sample the wa
functions in the supercells, corresponding to 128 points
the full zone.

The xy plane was held fixed for different compression
while the periodic distance for thez axis was optimized with
respect to the total energy. All atoms were free to relax
their equilibrium positions in each case. For zero compr
sion, the ideal undistorted zinc-blende geometry and In
electronic structure was retrieved with the theoretical latt
constant of 6.06 Å, which coincides with the experimen
one. All atomic forces were converged to 0.005 eV/Å a
the total numerical uncertainty for the geometrical optimiz
tion was estimated to 0.03 Å. The uncertainty in the res
ing electronic structure was found to be well below 0.05 e

Considering first the geometrical results we notice that
compression gives a relatively modest increase in the len
of the periodicity along the~111! axis, to a maximum of
about 4% for fully compressed cells~a constant-volume ap
proximation gives a value of;15%). The dependence o
the degree of relaxation is very nearly linear. The conser
tion of bond lengths and volume results in forces acting
4-3
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FIG. 3. A comparison between
valence-band spectra recorded
different emission angles from th
clean GaAs(111)A surface and
from InAs overlayers of 1-, 2-,
and 800-nm thickness. The spe
tra were excited with 29-eV pho
tons and recorded along theGK
line in the surface Brillouin zone.
LabelsA (A8) andB (B8) denote
bulk states, andC (C8) and D8
surface states.
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wards prolonging the distance between periodic bounda
but thesp hybridization is also striving to conserve the bo
angles and this keeps down thez-axis periodic distance. The
electrostatic forces due to the polar nature of InAs also
towards contraction. Hence the quantum mechanical ang
and electrostatic forces act in the opposite direction to
semiclassical ones, and thez expansion is a result of thi
balance. Considering its widespread use, it is interestin
note how poorly the constant-volume approximation pred
thez-axis values for compressed cells@it gives values almos

FIG. 4. ~a! Normal emission valence-band spectra from 3- a
153-nm InAs layers on GaAs(111)A, obtained with 29-eV photons
~b! The energy difference between the density of states peak a
L1 critical point ~featureA8 in Fig. 3! and the VBM@as indicated in
~a!# as a function of InAs layer thickness.
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four times too large for the increase of the lattice constan
the ~111! direction#.

Turning to the effects of the in-plane compression on
electronic structure~see Fig. 5!, we observe that the energ
separationDE between theL1 andX1 critical points and the
VBM decreases with increasing relaxation~i.e., increasing
thickness!. It should be noted that while the fundament

d

he

FIG. 5. Strain effects calculations on bulk InAs. The so
~dashed! line represents the change in energy separation,DE, be-
tween the VBM and theL1 (X1) critical point with varying strain
~as described in the text!. The region indicated by the rectang
shows the approximate range of the theoretical data used in
comparison in Fig. 6 between strain effects and interface hybrid
tion.
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THICKNESS-DEPENDENT VALENCE-BAND . . . PHYSICAL REVIEW B63 195314
band gap is underestimated in DFT-LDA, the bandwidth
the occupied states should be free of such effects, an
particular, the movements of theL1 and X1 critical points
should be adequately reproduced.

By fitting the theoretical findings to the experimenta
measured compression, using the observed relationship
tween strain relaxation and overlayer thickness reported
Ref. 8, it now becomes possible to compare the compress
induced movement of theL1 critical point and the influence
from interface hybridization~see Fig. 6!. It is assumed tha
the saturation value of the energy separation betweenL1 and
the VBM in Fig. 4 corresponds to a strain relaxation
;90% ~as reported in Ref. 8!. The calculated movement o
the L1 point in compressed bulk InAs and the experimen
data on the cap layers agree well, down to about 4 nm fr
the interface. At smaller thicknesses the effect of interfa
hybridization is clearly seen as the experimental points m
away from the theoretical line of pure compression effec
Hence, the non-strain-related influence from the interface
the electronic structure extends 3–4 nm into the overla
while strain effects modify the valence-band structure for
additional 1–2 nm. We ascribe these changes in the widt
the valence band to the gradual development of the overl
valence-band structure and thus conclude that full InAs b
features are established only in films of more than 3–4-
thickness.

A unique feature of InAs that independently supports t
statement is the development of a charge accumulation l
in the surface region. The presence of charge accumulatio
free InAs surfaces has been shown to be a bulk-rela
effect,5 due to a narrow minimum in the lowest conductio
band at the center of the Brillouin zone. When this band
fully developed, the minimum becomes populated and can
observed in photoemission as a small peak just above
VBM ~see Fig. 7!. Indeed, we find that photoemission fro

FIG. 6. A comparison between the experimental data in F
4~b! and the calculated influence of compression on bulk InAs e
tronic structure. The theoretical and experimental data are plo
using the energy separation betweenL1 and the VBM at 90% strain
relaxation as a common zero. The change in energy separati
plotted against both overlayer thickness~lower x axis! and strain
relaxation~upperx axis!, related to each other using Ref. 8. Th
filled circles represent theoretical data and are joined by a smoo
interpolated line.
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the conduction band is present only in layers of a thickn
of ;5 nm or more, confirming that the bulk InAs valenc
band structure is not fully developed for thinner sampl
This agrees well with the observations in Ref. 4.

Turning to the GaAs/AlAs~100! system, the MBE growth
of these quite well lattice-matched materials is firmly esta
lished and the samples show characteristic 2D RHEED
tures for all thicknesses. Monitoring the peak value of t
absolute intensity of the Al 2p signal~see Fig. 8!, we find an
electron mean free path of about 7 Å at 27 eV kinetic e
ergy in the GaAs films. This is in good agreement w
literature.20 The as-grown samples all displayed thec(4
34) reconstruction. In the photoemission chamber th
were heated to remove excess As to reach thec(238) re-
construction. Photoemission measurements were perform
however, both on surfaces with a clearc(238) reconstruc-
tion and on surfaces ranging betweenc(434) and c(2
38) reconstructions. To minimize potential complicatio
due to somewhat varying surface geometry we only disc

.
-

ed

is

ed

FIG. 7. ~a! A normal emission valence-band spectrum from
6-nm-thick InAs film obtained at 20 eV photon energy. Note t
presence of charge-accumulation-layer emission.~b! An enlarge-
ment of the indicated region in~a!, with data from 3- and 5-nm-
thick films included.

FIG. 8. The Al 2p normal emission intensity, excited with
105-eV photons, as a function of GaAs overlayer thickness. Fi
circles mark surfaces with somewhat higher As content. Two d
points for the same thickness means that measurements were
formed on the same sample before and after heating. The solid
indicates an exponential fit, yielding an electron mean free path
about 7 Å (l'2.60 ML57.3 Å) in the GaAs films for 27 eV
kinetic energy.
4-5
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normal emission spectra in the following and focus on bu
induced features. The surface conditions were checked
LEED and the As content was also reflected by the shap
the As 3d core-level photoemission. The shape of t
valence-band spectra differed slightly between samples
different surface reconstructions, but as we shall focus
bulk-induced structures, we do not comment further on th
differences.

As seen in Fig. 9, the valence-band spectra of AlAs a
GaAs, recorded at a photon energy of 40 eV, are very s
lar, both dominated by the pronounced density of sta
peaks at theX6 andX7 critical points. The kinetic energy o
the emission from theX6 points is about the same for bot
materials in our spectra. The position of the peak cor
sponding to theX7 point, however, is about 0.8 eV lower i
GaAs. We have chosen the separation between theX6 andX7
peaks as a characteristic measure of the valence-band
acter. A systematic study of 1–15-ML-thick GaAs films o
AlAs shows that theX7 peak gradually shifts to lower kineti
energy with increasing layer thickness, reaching the posi
in bulk GaAs at about 7–10-ML thickness (;2 –3 nm).
Two 20-ML samples were also grown, but Al 2p emission
was visible in photoemission, indicating either that the s
strate is laid bare at places or that the surface is contamin
with Al. No spectra from any of these defect samples
included in Fig. 9, but they fall in well with the peak pos
tions in the 15-ML and pure GaAs spectra. To check that

FIG. 9. Normal emission valence-band spectra from clean Al
GaAs, and 1–15-ML-thick GaAs layers on AlAs~100!, obtained
with 40-eV photons. The spectra were aligned at theX6 density of
states peak.
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shifting peak is not an artifact caused by the superposition
two separate peaks with varying relative intensities, we h
generated such superimposed spectra from bulk AlAs
GaAs data. The result differed markedly from the real data
Fig. 9. In all the composed spectra the GaAs and AlAsX7
peaks appear as separate features, without giving the imp
sion of a continuously shifting structure.

The energy separation between theX6 andX7 peaks,DE,
is plotted as a function of overlayer thickness in Fig. 1
Similar to the InAs/GaAs(111)A case, we find that the elec
tronic interface region of the GaAs films spans;3 nm.

Effects of this kind have also been discussed in cont
with photoluminescence~PL! from GaAs/AlAs QWs and su-
perlattices. As a result of electronic coupling across an A
barrier one finds,1 for example, that PL spectra from GaA
QWs are shifted for barrier widths below;3 nm. TheG
subband energies are lowered due to this coupling, and
band alignment is eventually changed from type II to typ
at 10–15-Å barrier width. The tunneling of GaAs QW stat
through an AlAs barrier has also been found2 to affect the PL
intensity when the barrier thickness in less than about 4
Both these results are in fair agreement with the present
servations.

IV. CONCLUSIONS

We interpret the observed systematic variations
valence-band width as an effect of electronic states tai
across the interface within a range of about 3–4 nm. In
case of the highly-lattice-mismatched InAs/GaAs syste
strain effects must be taken into account to estimate
range of the electronic transition region. In this region t
electrons thus experience an average potential from the
strate and overlayer materials, resulting in alloylike prop

,

FIG. 10. The energy difference between theX6 andX7 density
of states peaks~as indicated in Fig. 9! as a function of GaAs layer
thickness. As the width and shape of theX7 peak vary somewhat for
different spectra, the relative peak position was determined
matching the spectra at the left flank of theX7 peak, using the pure
AlAs spectrum at the bottom of Fig. 9 as a reference. Filled circ
mark surfaces with somewhat higher As content. Two data po
for the same thickness means that measurements were perform
the same sample before and after heating, except in the cas
10-ML thickness, in which case two different samples were exa
ined.
4-6
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ties. The fact that the transition region of the electronic pr
erties is substantially larger than that of the geometr
structure should have implications for nm-scale device
sign and fabrication. A recent example of this is a study
the coupling between vertically stacked In0.1Ga0.9As
quantum-wire structures in GaAs.21 According to this study
clear electronic coupling effects between different wires
observed for GaAs barriers thinner than approximately
i,

.

k

.

y

,

19531
-
l
-
f

e
0

nm, which would mean that the QW states extend at le
;5 nm across the In0.1Ga0.9As/GaAs interface.
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